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Members of the Hox gene family appear to regulate anterior±posterior (A±P) regionalization in embryos. Genetic manipula-
tion of numerous Hox genes in the developing trunk region of vertebrates results in changes in the morphology of individual
vertebrae. We have used virally mediated, targeted misexpression to ectopically express the Hoxc-6 protein in chick
embryos. Hoxc-6 has an anterior border of expression at the cervical±thoracic transition in tetrapods. Misexpression of
this gene in the cervical mesoderm of chick embryos results in dramatic truncations of the ventral rami of cervical spinal
nerves in the infected region. These data point to a role for Hoxc-6 in axon guidance, and suggest that in addition to
regulating proliferative rates, Hox gene expression provides positional information utilized in producing domain-speci®c
extracellular signals. q 1996 Academic Press, Inc.
INTRODUCTION changes in the morphology of individual vertebrae that have
been interpreted as homeotic transformations.
Despite a large amount of experimental data pointing di-Several lines of evidence indicate that Hox genes regulate
rectly to homeotic transformation of structures, the speci®canterior±posterior (A±P) regionalization of chordate and ar-
cellular role of Hox genes in generating this phenomena isthropod embryos. Comparative studies show that speci®c
only understood in quite general terms. Duboule (1995) andHox genes are always expressed at speci®c morphological
Condie and Capecchi (1994) have both suggested that theboundaries along the A±P axis. The A±P expression bound-
functional role of Hox activity is to regulate differentialaries of Hox genes are correlated with distinct morpholog-
growth rates in target populations of cells, and/or the differ-ies, regardless of changes in the number of segments that
ential timing of proliferative events (DolleÂ et al., 1993). Thiscontribute to each morphological region in different species
model proposes that a combination of different Hox proteinsof vertebrates (Burke et al., 1995). Transgenic manipulation
act to control the proliferative rates of different cell popula-of the Hox cluster genes in mice (reviewed in McGinnis
tions. Changes in Hox expression therefore result in differ-and Krumlauf, 1992) and viral misexpression in chicks
ent morphologies without the necessity of evoking a ``ho-(Morgan et al., 1992; Yokouchi et al., 1995) have examined
meotic'' change in developmental program.the functional signi®cance of regionalized Hox gene expres-
Tissue-speci®c effects of individual Hox genes have beension. Both loss of function and misexpression of Hox genes
demonstrated by manipulation of different members of thein the developing trunk region have resulted in altered fates
same paralogous group. For instance, the disruption ofof the sclerotomal derivatives of the somites, resulting in
Hoxa-3 results in multiple malformations of tissues derived
from the cranial neural crest (Chisaka and Capecchi, 1991).
The disruption of Hoxd-3, which shares the same endoge-1 Present address: Department of Biology, Wilson Hall, Univer-
nous expression domain as Hoxa-3, results in malformationsity of North Carolina, Chapel Hill, NC 27599.
of tissues derived from occipital somitic mesoderm (Condie2 To whom correspondence should be addressed. Fax: (617) 432-
7595. E-mail: tabin@rascal.med.harvard.edu. and Capecchi, 1993).
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calf serum (FCS). Visualization of spinal nerves was achieved withWe have used virally mediated, targeted misexpression to
the 3A10 antibody against neuro®lament proteins (1:25 in 10%examine the role of Hoxc-6 in the chick embryo, and ®nd
FCS/TBST), detected with HRP-conjugated 27 antibodies (Jackson,a tissue speci®c patterning effect that is independent of pro-
goat anti-mouse, 1:200). Some embryos were then incubated in 3C2liferation. Hoxc-6 is expressed in the neural tube through-
antibody (11) against the RCAS gag protein (Potts et al., 1987) toout the cervical region, but has an anterior boundary of
visualize the region of viral infection. Others were embedded in
expression in the mesoderm at the ®rst thoracic somite in paraf®n, sectioned at 14 mm, and incubated with 3C2 followed by
mice, geese, chicks, and Xenopus, serving as a consistent an alkaline phosphatase-conjugated 27 antibody (Southern Biotech,
mesodermal marker for the cervical±thoracic transition in goat anti-mouse 1:200).
vertebrates. The ef®ciency of viral infection and misexpression of Hoxc-6
protein was tested by in situ hybridization of injected embryosWe report here that misexpression of Hoxc-6 within the
with antisense mRNA probes for Hoxc-6 (Fig. 1E). To test whethercervical paraxial mesoderm has no gross musculoskeletal
the viral clone was capable of producing a protein product of theeffect, and no apparent effect on proliferation. However,
expected size, the RCAS-c-6 construct was translated in vitro usingthere is a dramatic disruption of spinal nerve axon out-
the Promega TNT kit. Protein synthesis directed by the virus wasgrowth in the region of infection. This is in spite of the fact
also veri®ed by incubating injected embryos with the XlhBox-1that the nerve cells themselves do not appear to be infected.
(Hoxc-6) antibody (Oliver et al., 1988) which showed an ectopic
Moreover, the cell bodies of both the sensory and motor positive signal at the region of injection (data not shown).
neurons at this A±P level normally express Hoxc-6. Thus,
this effect on axon growth is not autonomous but appears
to derive from the presence of Hoxc-6 in the mesoderm
RESULTS AND DISCUSSIONthrough which the axons ®nd their way. Previous studies
have implicated the mesoderm in directing the outgrowth
of spinal nerves (for review see Tosney, 1991). Our results The unilateral injection of a retroviral vector carrying the
Hoxc-6 coding sequence (RCAS-c-6) into somites I, II, andindicate that Hox genes may play a role in specifying re-
gional differences in this instructive signaling. III in stage 9±12 chick embryos results in a locus of infec-
tion in tissues of the cervical region (Fig. 1E). The RCAS
vector is a replication-competent virus which can spread
from cell to cell and hence the infection is not restricted toMATERIALS AND METHODS
any one cell type or population. Contralateral spread of the
viral infection is seen about 50% of the time, but is always
To generate a retrovirus capable of transcribing Hoxc-6 mRNA, less than the injected side. This spread seems to be largely
the region encoding the PR11 Hoxc-6 protein was isolated from a due to the infection of premigratory neural crest cells (Figs.
chick cDNA clone (Nelson et al., 1996). The PR11 Hoxc-6 protein 2D and 2E). By stage 24, the infection has expanded ven-
comprises 235 amino acids (Oliver et al., 1988; Coletta et al., 1991;
trally on the injected side to include lateral plate mesodermShimeld et al., 1993). The ATG of the PR11 coding region was
(Fig. 2B). This is achieved through a combination of viralengineered by PCR for cloning into the NcoI site of the SLAX-13
spread and the migration of infected somitic cells into theshuttle vector (Riddle et al., 1993), and then subcloned into the
lateral plate. The production of protein by the virus occursretroviral vector RCAS-BP(A) (Hughes et al., 1987). The insert is
932 base pairs and includes approximately 230 bp of 3* untranslated approximately 18 hr after the infection event. In the case
sequence. A viral construct of Hoxd-13, which has been shown to of injections in somite I±III at stage 10, the tissues at the
be biologically active and causes pattern alteration in the devel- site of infection produce viral message before these somites
oping limb bud, was used as a control, and is described elsewhere are traversed by spinal nerve axons.
(Goff, in preparation). The chick has 15 cervical spinal nerves (Figs. 1A, 2A).
Viral vectors at a titer of approximately 108 cfu/ml were injected The ventral ramus of spinal nerves comprises sensory and
in volumes of less than 0.2 ml into each of the last three somites
motor axons destined to innervate the hypaxial muscula-(somites I, II, III; Ordahl, 1993) of H&H (Hamburger and Hamilton,
ture (Fig. 1B). The axons in the ventral ramus of cervical1951) stage 9±12 chick embryos (SPAFAS, Norwich, CT). De-
spinal nerves, after emerging from the dorsal somitic meso-pending on the stage, injections result in a locus of infection 2±4
derm late in H&H stage 24, turn sharply anterior in ordersegments wide between cervical somites 7 and 14. Injections were
also done on H&H stage 14±16 embryos, in which somites I, II, III to reach their targets, the ventral muscles of the throat. The
correspond to thoracic somites (so. 22±28) to control for the re- region at which they defasciculate and change direction is
gional effect of the Hoxc-6 protein. Embryos were sacri®ced 24± called the plexus region (Fig. 2A).
96 hr postinjection, at H&H stages 22±28, ®xed in 4% paraformal- Inspection of embryos at H&H stages 23±30, 48±96 hr
dehyde overnight at 47C, dehydrated into 100% MeOH, and stored after injection, reveals no gross dysmorphology. The cervi-
at 0207C. In situ hybridization followed the method of Riddle et cal region appears normal, and cleared and stained embryos
al. (1993). Embryos used for whole-mount immunohistochemistry
have normally formed cervical vertebrae (data not shown).were bleached in 3% hydrogen peroxide in MeOH for 1 hr, rehy-
Immunohistochemistry with antibodies to neuro®lamentdrated to PBS, and treated with 10 mg/ml proteinase k for 5 min
proteins shows that 70% of the injected embryos of stagefollowed by a 10-min wash in 2 mg/ml glycine. They were washed
25 or older have truncations in a subset of cervical spinaltwice for 30 min in TBST (10 mM Tris, pH 7.5; 150 mM NaCl;
0.1% Tween 20), and blocked for an hour in TBST with 10% fetal nerves. At the plexus region, where axons in the ventral
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
AID DB 8297 / 6x11$$$382 08-06-96 05:46:49 dba AP: Dev Bio
194 Rapid Communication
FIG. 1. A. Antibody 3A10 labeling of nerves in a stage 23 chick embryo, showing cranial nerves V, VII, IX, X, and XII, occipital nerves
(O1±4), and cervical (C1±C15) and thoracic (T1) spinal nerves. The plexus region of the ventral rami in the neck is indicated by asterisks.
B. A typical spinal nerve in schematic cross section showing the position of the dorsal root ganglion (DRG), and the branching between
dorsal and ventral rami. C & D. Radioactive in situ hybridizations with a probe for Hoxc-6 (Nelson et al., 1996) showing the expression
of this gene in the neural tube (site of motoneuron cell bodies), migrating neural crest, and DRGs of the cervical region (C) and forelimb
region (D). Note that the somitic mesoderm (arrows) in (C) does not express Hoxc-6 in contrast to the section (D), which is posterior to
the anterior border of endogenous expression of Hoxc-6 in the paraxial mesoderm E. Whole-mount in situ hybridization with a Hoxc-6
riboprobe (Burke et al., 1995) of a stage 22±23 embryo that was injected with RCAS-c-6 in somites I & II at stage 12. Both ectopic and
endogenous Hoxc-6 mRNA are visualized by alkaline phosphatase.
FIG. 2. A. Antibody 3A10 labeling of spinal nerves in a stage 26 chick embryo. The dorsal ramus of cervical nerve 10 is indicated with
an arrowhead. The plexus region of the ventral rami in the neck is indicated by asterisks. B. Stage 26 embryo injected at stage 12 with
RCAS-c-6 virus, and double labeled with 3A10 and 3C2, and HRP conjugated 27 antibodies. Cervical nerves 8±11 are truncated in the
plexus region (arrows). The area of infection with RCAS overlaps the region of affected spinal nerves (asterisks). C. High magni®cation
of cervical region of a stage 26 embryo that was injected at stage 12 with the RCAS-c-6 virus. Cervical nerves 6±10 show arrested growth
in the plexus region, forming knots with small communicating branches. Compare with A. Axons from C11 behave normally at the
plexus, but appear to be affected when they reach anterior to the level of C10 (arrow). D & E. Two sections through the affected region
of the embryo shown in C, relabeled with the 3C2 antibody and detected with alkaline phosphatase to show the area of viral infection.
The left side of the sections is the right, injected side of the embryo. Note strong labeling in dermomyotome and sclerotome derivatives,
as well as the DRG. The anteriorly traveling axons of the nerves on the uninjected side are indicated with arrows. These branches are
absent on the injected side because of the truncations of the ventral rami. F & G. Stage 26 embryo injected at stage 12 with RCAS-d-13
virus, labeled ®rst with 3A10 (F) and then with 3C2 (G) and HRP-conjugated 27 antibodies. The cervical nerves of these embryos are
always normal despite large areas of viral infection. H & I. Stage 26 embryo injected at stage 15 with RCAS-c-6 virus into thoracic level
somites and double-labeled with 3A10 and 3C2, and HRP-conjugated 27 antibodies. The thoracic spinal nerves appear normal within the
domain of endogenous Hoxc-6 expression (compare ®gure 1E and 2A), despite extensive viral infection.
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rami of these nerves normally make a 907 change in direc- vical spinal nerve axons that results in aberrant outgrowth.
Hoxc-6 may normally play a role in specifying cues for re-tion, the affected nerves form a ®st or knot, and cease to
migrate (Figs. 2B and 2C). Small communicating branches gion-speci®c axon guidance within the thoracic mesoderm,
and hence infection by RCAS-c-6 in this region has no ef-between nerves remain. However, axons from more poste-
rior nerves that have made the normal turn to the anterior fect. A direct developmental role for Hoxc-6 within neural
tissues has also been suggested by in vivo and in vitro stud-arrest when they reach the level of the truncated nerves,
strongly suggesting that the defect is in axon guidance ies. Wright et al. (1989) used the XlHbox 1 antibody to
interfere with normal Hoxc-6 expression in Xenopus, gener-within the infected region, and not a defect intrinsic to the
nerve (Fig. 2C, arrow). Cutaneous branches are absent in ating a phenotype they interpret as a transformation of spi-
nal cord into hindbrain. Jones et al. (1993) have shown thatlater stages, but the dorsal rami of the same cervical spinal
nerves for the innervation of epaxial muscles appear normal. Hoxc-6 can upregulate N-CAM in vitro by interacting with
its promoter. In contrast to these previous studies, the effectDouble labeling with an antibody to the RCAS vector as
well as NFP demonstrates that the affected nerves are al- of Hoxc-6 in the cervical region is dependent upon misex-
pression in the mesoderm traversed by the spinal nerves,ways within the region of viral infection (Fig. 2B). The trun-
cations are seen in only one, or as many as ®ve, of cervical not the nerves themselves. These results demonstrate that
Hox gene expression is capable, in the ectopic situation, ofnerves 1±13 depending on the axial level of infection. Sec-
tioned material shows that there is infection in the meso- affecting the signaling by the mesoderm which in¯uences
neuronal growth. This suggests that, in addition to regulat-derm completely surrounding the blind end of the affected
nerve, and that the neural tube, site of the motor neuron ing mesodermal proliferation, regionalized Hox gene expres-
sion provides positional information utilized in producingcell bodies, is not infected (Figs. 2D and 2E).
A variety of experiments were performed to test the speci- region-speci®c extracellular signals.
®city of the effect, and control for the possible effects of the
RCAS virus. The spinal nerve phenotype described above
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